Sonoporation is based upon an ultrasound -microbubble cavitation routine that physically punctures the plasma membrane on a transient basis. During such a process, the actin cytoskeleton may be disrupted in tandem because this network of subcellular filaments is physically interconnected with the plasma membrane. Here, by performing confocal fluorescence imaging of single-site sonoporation episodes induced by ultrasound-triggered collapse of a single targeted microbubble, we directly observed immediate rupturing of filamentary actin (F-actin) at the sonoporation site (cell type: ZR-75-30; ultrasound frequency: 1 MHz; peak negative pressure: 0.45 MPa; pulse duration: 30 cycles; bubble diameter: 2-4 mm). Also, through conducting a structure tensor analysis, we observed further disassembly of the F-actin network over the next 60 min after the onset of sonoporation. The extent of F-actin disruption was found to be more substantial in cells with higher uptake of sonoporation tracer. Commensurate with this process, cytoplasmic accumulation of globular actin (G-actin) was evident in sonoporated cells, and in turn the G-actin : F-actin ratio was increased in a trend similar to druginduced (cytochalasin D) actin depolymerization. These results demonstrate that sonoporation is not solely a membrane-level phenomenon: organization of the actin cytoskeleton is concomitantly perturbed.
Introduction
As the physical interface of mammalian cells, the plasma membrane effectively serves as a dynamic barrier that maintains cellular homoeostasis through active regulation of transmembranous transport. Pulsed disruption of membrane integrity would intrinsically give rise to a temporary permeability increase that favours enhanced passage of substances into and out of the cell [1] . Such an over-arching principle has been the norm for the design of physically oriented drug/gene delivery paradigms [2, 3] . Among various physical perforation approaches, sonoporation has been well considered as an emerging method in view of its strong potential in achieving high spatio-temporal specificity [4] [5] [6] . It is now established that this perforation strategy, which is founded upon acoustic cavitation principles [7, 8] , can readily enhance transmembranous transport [9] . Also, it has been demonstrated that sonoporation can be controllably instigated through the use of an ultrasound -microbubblemediated routine in which synthetic microbubbles are leveraged as cavitation sources nearby cells, while pulsed ultrasound is used to initiate acoustic cavitation [10, 11] .
Although sonoporation has shown significant potential as a controllable way of transiently breaching plasma membrane integrity, its crude impact on cellular structure has remained relatively unexplored in a biophysical context [12] . Often, membrane puncturing is considered as the sole impact of sonoporation on living cells; as long as post-sonoporation cellular viability is retained, the perforation process is considered to be sustainable [13 -16] . This way of conceiving the cytostructural impact of sonoporation is perhaps oversimplified because post hoc changes in cellular morphology have in fact been observed downstream from the onset of sonoporation [17, 18] ; also, physical stress symptoms, for example cell shrinkage, have been shown to emerge in sonoporated cells on a time-lapsed basis [19] . For such reason, it is essential to elucidate the potential relationship between sonoporation and constituent organelles involved in regulating cytomechanical dynamics. The resulting insights acquired would fundamentally benefit ongoing efforts that aim to pursue rational use of sonoporation in biomedical applications.
In this investigation, we seek to unravel how sonoporation as a physical phenomenon would affect the actin cytoskeleton when a cell undergoes localized sonoporation. In particular, it is our intent to characterize how the actin cytoskeleton, as a network of subcellular filamentary polymers directly connected with the plasma membrane [20, 21] , would actively participate in constituting a cell's functional reaction to the physical impact brought about by sonoporation. Analysing the cytoskeletal response to sonoporation is of particular importance because this subcellular scaffold is well recognized to play a central role in modulating a cell's mechanical properties [22, 23] . In turn, the knowledge gained from our present study can help establish an overall understanding of the impact of sonoporation on the physical dynamics of living cells.
The specific aim of this investigation is to acquire a new body of in situ direct observations and quantitative measures on the spatio-temporal response of the actin network induced by an episode of sonoporation. Our underlying hypothesis is that the actin cytoskeleton would undergo dramatic rearrangement in sonoporated cells to accommodate the temporary loss of membrane integrity triggered by acoustic cavitation. To test this hypothesis, we have designed a detailed experimental protocol that makes use of: (i) single-pulse ultrasound exposure, (ii) targeted microbubbles that can bind to plasma membrane surface, and (iii) live confocal imaging to monitor actin dynamics in sonoporated cells. Note that our work is readily distinguished from a few previous reports on ultrasoundinduced cytoskeletal changes. In those studies, albeit the cells were subjected to low-intensity ultrasound [24, 25] or ultrasound pulsing in the presence of microbubbles [26] , the occurrence of sonoporation was not tracked and confirmed in situ at a single-cell level.
Material and methods

Acoustic exposure set-up
Overall description
An overview of the ultrasound apparatus used in our investigation is shown in figure 1 . This apparatus was an in-house design that supports live in situ imaging of cellular response through a confocal fluorescence microscopy system (LSM 710, Carl Zeiss, Jena, Germany). It transmitted ultrasound through a singleelement piston transducer that operated at 1 MHz centre frequency (25.4 mm effective diameter; Wuxi Beisheng Technology Ltd, Wuxi, Jiangsu, China). For the transducer driving waveform, its parameters were defined using an arbitrary waveform generator (33120A, Agilent Technologies, Santa Clara, CA, USA) that was serially connected to a 50 dB gain broadband amplifier (2100L, Electronics & Innovation Ltd, Rochester, NY, USA). The modulating frequency of the arbitrary waveform generator was set to 1 MHz (i.e. same as the transducer's centre frequency). The pulsecycle length was set to 30 cycles, and this value in turn yielded a pulse duration of 30 ms. The amplitude was adjusted to yield an in situ peak negative pressure of 0.45 MPa (see the electronic supplementary material for field profile and calibration details). In line with a recent biophysical study on sonoporation [10] , a single-shot ultrasound-pulsing strategy was adopted to ensure that sonochemical effects would not be elicited owing to sustained induction of cavitation activities. It was triggered manually on the arbitrary waveform generator.
Waveguide design
The ultrasound apparatus was coupled to the confocal microscope's scan stage through a leg-shaped waveguide and a cassette-shaped cell chamber, both of which were customdesigned components. For the waveguide, its hollow cylindrical shaft (with 1.5 mm thick acrylic wall) was 70 mm in length and 35 mm in inner diameter, and it was angled at 408 with respect to the waveguide's rectangular cuboid foot with 55 Â 40 mm base dimensions. Figure 1 . A schematic of the acoustic exposure apparatus used to investigate actin cytoskeleton dynamics induced by sonoporation. The main diagram shows the key hardware components in the apparatus. Right inset shows the composition of the cassette-shaped cell chamber. Lower-left inset provides an enlarged illustration of the cell monolayer and the location of targeted microbubbles.
padded with acoustic absorbing rubber, while the basal surface was carved out and was replaced with a 0.13 mm thick glass coverslip to improve acoustic field transmission into the cell chamber. During operation, the cavity of the waveguide was filled with deionized water, and the transducer was mounted onto the upper end of the shaft (a rubber toric joint was used to seal the spacing between the transducer and the shaft wall).
Cell chamber design
The cell chamber was of a cassette structure whose size was carefully defined based on the physical dimensions of the waveguide's cuboid foot and the confocal microscope's stage-top 378C incubation device (Chamlide TC; Live Cell Instrument, Seoul, Korea). As shown in figure 1 , this device consisted of three acrylic layers: (i) a 2 mm thick outer frame with a 55 Â 40 mm window for coherent fitting with the waveguide's foot, (ii) a 1 mm thick inner frame that served as a structural adapter, and (iii) a 5 mm thick observation deck with an 24 Â 18 mm window and a 0.13 mm thick glass coverslip sealed onto the bottom surface. In each experiment, the cell chamber was mounted onto the microscope's scan stage by simply slotting the observation deck into the stage-top incubator that was positioned immediately above the objective lens. Cell samples were seeded onto the basal coverslip of the observation deck ( protocol described in §2.2). To facilitate registration of their in situ location, a numerated line grid with 1 Â 1 mm box resolution was impressed onto the bottom surface of the coverslip using heat transfer printing principles. This grid allowed us to precisely trace cells residing in different box coordinates by simply adjusting the microscope's scan stage position.
Cell sample preparations 2.2.1. Cell line and culturing protocol
In line with our previous study [19] , ZR-75-30 human breast carcinoma cells (CCL-1504; ATCC, Manassas, VA, USA) were used for experimentation. They were grown in a culture flask inside a 378C incubator environment with 5% carbon dioxide; culturing medium was based on Roswell Park Memorial Institute 1640 medium (R8758; Sigma-Aldrich, St Louis, MO, USA) with 10% fetal bovine serum supplements (30-2020; ATCC). The cells were cultured to their exponential growth phase before they were trypsinized and transferred to the cell chamber. They were seeded onto the coverslip of the cell chamber at a working density of 10 000 cells per slip. Subsequently, they were fostered to reattach to the coverslip by filling the observation deck with fresh culture medium and placing the cell chamber in the 378C incubator for 24 h.
Note that, as compared to normal cells, breast carcinoma cells exhibit higher membrane deformability [27] , and this cytomechanical property is known to protect cells from physical injury and favour recovery after a wounding event [28] . Such propensity against membrane wounding represents a suitable baseline condition for our investigation that involves pulsed disruption of membrane integrity via sonoporation. Cancerous cells are also known to express vascular endothelial growth factor (VEGF) receptors on their membrane [29] . In our experiments, these receptors are leveraged as binding sites for VEGF-receptor-targeted microbubbles that are introduced as agents for site-specific induction of sonoporation (methods described in §2.2.3).
Pre-exposure labelling of actin
For live microscopy experiments, pre-exposure labelling of the actin cytoskeleton of the ZR-75-30 cells in the coverslip was carried out with a commercial viral transfection stain. In particular, 2 ml of CellLight actin green fluorescent protein (actin-GFP) (C10582, Invitrogen, Carlsbad, CA, USA; excitation/emission maxima: 488/510 nm) was added to the observation deck, and the transfection was allowed to take place in the dark for 24 h inside the 378C incubator. Afterward, the observation deck was washed with phosphate buffered saline (PBS).
Supplementation with targeted microbubbles
To facilitate induction of sonoporation on a site-specific basis, targeted microbubbles with binding preference to VEGF receptors were added to the observation deck of the cell chamber. These lipid-shelled targeted microbubbles were 1-4 mm in diameter; their fabrication procedure and cell-binding efficacy considerations are described in the electronic supplementary material. Before applying ultrasound exposure, 20 ml of targeted microbubbles in mixture form (with 10 8 bubbles ml 21 concentration) was added to the cell chamber, and a 5 min idle period was allocated to foster their attachment to the cell surface. Unbound microbubbles were subsequently washed away using PBS, and the cell chamber was refilled with fresh culturing medium.
Addition of sonoporation tracer
Before ultrasound exposure was applied, the culturing medium in the cell chamber was supplemented with a fluorescent tracer to enable tracing of cells that experienced sonoporation. For live imaging studies, propidium iodide (PI) (P4170, SigmaAldrich; excitation/emission maxima: 493/630 nm) was used as the tracer (applied at 100 mM concentration). It is well known that PI is membrane impermeant and would only be taken up by a cell if membrane permeability is increased, and its intracellular fluorescence would become plateaued once membrane permeability returns to homoeostatic level. Hence, it can be suitably leveraged as an indicator for sonoporation that is marked by a transitory increase in membrane permeability [10, 11] . For fixed-cell imaging studies, 2.5 mM Sytox-Orange (S34861, Invitrogen; excitation/emission maxima: 547/570 nm) was used in lieu of PI to avoid cross-talk with other fluorescent labels. The cellular uptake kinetics of this alternative sonoporation tracer is largely similar to PI. Indeed, both tracers would exhibit significantly increased fluorescence upon binding with nucleic acids inside the cell.
Live microscopy of sonoporation-induced actin dynamics 2.3.1. Pre-exposure imaging
Bright-field images were acquired before ultrasound exposure to locate cells and to determine the microbubble attachment position on the cell surface. Also, three-dimensional scanning of actin-GFP fluorescence was carried out over the entire cell. Both imaging processes were performed using our platform's confocal microscope and a 40Â oil-immersion lens (420461-9910, Carl Zeiss; numerical aperture: 1.3; refractive index: 1.518; working distance: 0.21 mm). The fluorescence of actin-GFP was elicited using a laser wavelength of 488 nm, and a detection band of 500-540 nm was used. Pinhole size and pixel dwell time were set to 91 mm and 6.3 ms, respectively. The scan plane was swept from the cell's basal layer to the apical surface (the sectional step size was set to 0.436 mm; top slice was at 3.05 mm from the base).
Monitoring of actin response after sonoporation
Following initial scanning, a single-shot ultrasound pulse was applied to trigger microbubble collapse (confirmed by brightfield imaging). The resulting actin-GFP dynamics was monitored live over the scan plane that was 1.744 mm from the cell base.
Note that, with a 91 mm pinhole size, the scan plane's sectional thickness was 3 mm as required to cover the entire cell height.
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To trace sonoporated cells, PI fluorescence was elicited using 488 nm laser wavelength and 610 -650 nm detection band. Using these parameters, one frame was acquired every 10 s in the first 3 min after ultrasound pulsing; after that, the frame acquisition period was lengthened to 1 min per frame. The imaging process lasted until 1 h following the onset of sonoporation, after which a three-dimensional sweep was performed similar to pre-exposure scanning.
Tensor analysis of actin structure
To quantify the extent of actin cytoskeleton changes in response to sonoporation, structure tensor analysis was carried out on the acquired actin fluorescence images. This technique has recently emerged as a quantitative way of analysing the structure of actin cytoskeleton [30] . In conducting the analysis, image frames were transferred to the IMAGEJ software (v. 1.47n; National Institutes of Health, Bethesda, MD, USA) that was installed with a structure tensor analysis plugin called OrientationJ. For each image, the cell boundary was first marked. Subsequently, using OrientationJ, a coherency index for each pixel position within the cell was derived by calculating the local tensor orientation with respect to its spatial neighbourhood. As described elsewhere [31] , coherency would approach unity for pixels with a dominant orientation (e.g. those that belong to a filamentary structure), and it would tend to zero for pixels without significant orientation. To summatively characterize the tensor coherency distribution over the entire cell, we defined a global measure called total weighted coherency, and it was calculated by summing intracellular coherency values which were not less than 90% of the intracellular maximum (i.e. pixels with relatively low coherency were zeroweighted). For each cell being analysed, this global measure was calculated before exposure and at various post-sonoporation time points (10 s, 1 min, 5 min, 60 min).
Temporal kinetics estimation
With the temporal estimates of total weighted coherency, an exponential decay regression was performed using GRAPHPAD (v. 5; GraphPad Software Inc., La Jolla, USA) to determine the characteristic time for actin cytoskeleton changes to take place. The rate of change was in turn derived. Similarly, a growth saturation analysis was conducted on the intracellular PI level to quantify the uptake kinetics of sonoporation. For this analysis, intracellular PI fluorescence was measured as a function of post-sonoporation time using IMAGEJ's built-in functions, and they were fitted onto the growth saturation model to estimate the characteristic time and rate of PI influx. The relationship between actin changes and PI influx was evaluated in three ways. First, we compared the temporal evolution of actin's total weighted coherency between sonoporated cells with mild and high PI uptake; the threshold between these two categories was nominally defined as 10-fold increase in PI fluorescence. Each cell subgroup comprised eight cells, and in total 16 cells were analysed; inter-group differences were statistically analysed using Student's t-test. Second, the characteristic time constants for total weighted coherency were compared between the mild and high PI uptake groups. Third, a Pearson correlation analysis was performed on the estimated rates of change (total weighted coherency versus PI uptake).
Post-exposure microscopy of actin contents 2.4.1. Initial procedure
To further analyse the distribution of actin contents in sonoporated cells, a set of experiments was conducted via a postexposure fixed-cell staining approach. We particularly focused on characterizing the post-exposure level of two physical forms of actin [32] : (i) filamentary actin (F-actin; the polymeric form)
was not performed and Sytox-Orange was used as the sonoporation tracer. After acquiring pre-exposure bright-field images to register the in situ position of cells and microbubbles, single-shot pulsed ultrasound was applied, and the cell chamber was placed in the incubator for 1 h (i.e. the same timeframe for live imaging). Non-internalized Sytox-Orange was then washed away using PBS. For comparative analysis, a subset of experiments was conducted under sham exposure conditions (i.e. without ultrasound pulsing). Another subset of positive control experiments was also performed by chemically inducing actin depolymerization through treating the cells with 100 nM cytochalasin D (Cyto D) (C8273; Sigma-Aldrich) for 1 h in a 378C incubator environment.
Live-dead pre-staining and imaging
To distinguish between observations on the actin distribution of viable sonoporated cells and those of non-viable ones, a livedead bicolour staining cocktail was added to the cell chamber. In this work, the live and dead stains were, respectively, 5 mM Calcein-Blue-AM (C1429, Invitrogen; excitation/emission maxima: 360/449 nm) and 5 nM Sytox-Red (S34859, Invitrogen; excitation/emission maxima: 640/658 nm). The live-dead stain was washed away 30 min later, and confocal images of cell viability and sonoporation tracer were acquired using the following laser excitation wavelengths and detection bands: 
Actin staining and imaging
Staining of cellular F-actin and G-actin contents was carried out after determining the post-exposure viability of individual sonoporated cells. Cells were first fixed by washing the cell chamber twice with PBS and then adding 4% paraformaldehyde for 15 min at room temperature. Note that, given the time required to conduct live -dead staining (about 1 h including imaging), the cell fixation time point corresponded to 2 h after sonoporation; this time point was synchronized with our previous study that showed fixed-cell images of repressive morphological features in sonoporated cells [19] . To permanently permeabilize the fixed cells, 0.1% Triton X-100 was added after three rounds of PBS washing, and it was followed by another round of PBS washing afterward. Subsequently, a PBS cocktail supplemented with 1% bovine serum albumin (A7030, Sigma-Aldrich) was added to reduce non-specific binding of actin stains.
F-actin and G-actin were, respectively, labelled using 0.165 mM fluorescein-isothiocyanate-conjugated phalloidin ( phalloidin-FITC) (P5282, Sigma-Aldrich; excitation/emission maxima: 495/520 nm) and 0.3 mM Alexa Fluor 594 deoxyribonuclease I (DNase I) (D12372, Invitrogen; excitation/emission maxima: 590/617 nm). Reaction was allowed to take place for 20 min. After that, the actin stains were washed away with PBS and the cells were imaged by the confocal microscope. Laser wavelengths of 488 and 543 nm were used, respectively, for phalloidin-FITC and DNase I, while the detection bands were set to 505 -530 nm and 605 -630 nm, respectively (other scan settings remained constant as before).
Ratiometric analysis of actin contents
Using IMAGEJ, the fluorescence levels of phalloidin-FITC and DNase I were measured. Their ratio (G : F-actin ratio) was then calculated to estimate the post-exposure balance between F-actin and G-actin. Results were compared between viable and non-viable sonoporated cells, sham control group and rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140071 positive control group (N ¼ 50 in each group). The significance of trends was statistically confirmed via an analysis of variance test.
Results
Actin network disassembly owing to singlemicrobubble-mediated sonoporation
Disruption of the actin cytoskeleton was generally observed upon the onset of microbubble-mediated sonoporation at a single site. Figure 2a shows a time-series rendering of this observation based on live confocal images acquired from our platform (green and red fluorescence, respectively, depict actin contents and PI which serves as sonoporation tracer). As can be observed, prior to exposure, one targeted microbubble was attached to the cell membrane (indicated by bright-field greyscale contrast), and the actin cytoskeleton resembled an apparent network structure with significant presence of filamentary fibres. Upon single-shot ultrasound pulsing, the microbubble had collapsed, and it in turn induced membrane perforation as indicated by rapid, localized PI influx into the intracellular space through the pre-exposure microbubble site. Note that PI had filled the entire nucleus within 1 min. Synchronous with the physical action of sonoporation, an immediate rupture of F-actin fibres can be observed at the position corresponding to the microbubble's pre-collapse location. This finding is highlighted in figure 2b that gives an enlarged rendering of the temporal dynamics at the sonoporation site (field of view corresponds to the dashed window demarcated in figure 2a ; only actin fluorescence is depicted here). As illustrated, within the first 10 s after sonoporation, rapid disappearance of F-actin fibres (with high green fluorescence) was evident in the vicinity of the sonoporation site (these events were marked in situ by yellow crosses). Indeed, this local loss of F-actin fibres subsequently propagated to other parts of the actin cytoskeleton. As shown in the other short-term image frames (20 s, 30 s, 1 min), F-actin fibres in the outskirts of this cell had largely vanished within 1 min after the onset of sonoporation. As a result, there was a significantly different appearance in the actin cytoskeleton morphology before exposure and at 1 min after sonoporation. In addition to the initial F-actin rupturing in response to sonoporation, further disassembly of the actin cytoskeleton was apparent over a 60 min timeframe. As depicted in figure 2b (ii), the F-actin fibres that remained visible at 10 min after sonoporation (distal from the perforation site) were progressively disintegrated in the next 50 min. Consequently, at 60 min after sonoporation, the actin contents simply exhibited a granular texture without directional orientation. It should be emphasized that such observation occurred on a whole-cell level and was not localized at the perforation site. According to images in figure 2a(ii), the actin cytoskeleton's network-like structure had essentially faded away by this time.
Structure tensor coherency of actin network: progressively decreased in sonoporated cells
As a quantitative insight into the actin structure disassembly induced by sonoporation, figure 3 plots, for the sonoporated cell shown in figure 2 , a temporal set of coherency maps derived from structure tensor analysis of actin fluorescence. Note that coherency was defined in this context as a normalized measure of whether a dominant directional orientation was exhibited at a certain part of the actin cytoskeleton. It can be observed that, before exposure, the cell had distinct bands of high tensor coherency values (blue -magenta colour codes) as indicative of the presence of F-actin cables at those positions. This organized pattern was progressively lost owing to sonoporation. Within 60 min after the onset of sonoporation, the tensor coherency became low (red-yellow colour codes) over the entire cell.
Upon analysing different cells with a single sonoporation site, a more substantial impact on actin disruption can be observed in those with stronger intracellular fluorescence of PI that served as sonoporation tracer. Evidence of this observation is shown in figure 4 that plots a set of box-whisker plots of the total weighted coherency of actin fluorescence at four different post-sonoporation time points: 10 s, 1 min, 5 min and 60 min. Results are shown for two equally sized cell subgroups (N ¼ 8) that, respectively, comprised cells with less than or more than 10-fold increase in total PI fluorescence (referred to as mild and high uptake groups accordingly). As can be noted, 10 s after sonoporation, a decrease in total weighted coherency can already be observed (on average about 10% and 40%, respectively, for the mild and high uptake groups). In addition, cells in the high PI uptake group exhibited a more dramatic reduction in total weighted coherency. As time elapsed, sonoporated cells with high PI uptake showed on average 95% reduction in total weighted coherency, indicating that the actin cytoskeletons of these cells were almost completely disassembled from their fibrous network form.
Actin network disassembly time: correlated with propidium iodide uptake level
By fitting the temporal decrease of total weighted coherency onto an exponential decay model, we observed that the characteristic time of actin cytoskeleton disassembly was different for sonoporated cells with mild and high PI uptake. Supporting data for this observation are shown in figure 5a. As can be observed, for cells with mild PI uptake, their actin disassembly time constants were generally of the order of tens of seconds.
These estimated values were significantly shorter than those deduced for sonoporated cells with high PI uptake, of which the duration was generally over 100 s.
As an adjunct observation of the above trend, the characteristic time constants of PI uptake were also found to be statistically different between the mild and high PI internalization cell groups. The corresponding statistical results are summarized in the box-whisker plots shown in figure 5b . Note that the PI uptake time constant represents an indicator rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140071
for the duration in which transmembrane permeability was enhanced owing to microbubble-mediated sonoporation. For cells sonoporated with our protocol, this constant was generally higher for those with high total PI internalization (on average 27 s versus 253 s between the mild and high uptake groups). Building upon our results on characteristic time constants, we found that the time rate of decrease in total weighted rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140071 coherency of actin was positively correlated with the time rate of PI uptake. As illustrated in the scatter plot of figure 5c, for sonoporated cells that exhibited a high PI uptake rate, their decrease rate in total weighted coherency would also be large (R ¼ 0.9532). This shows that, for sonoporation to facilitate rapid internalization of exogenous substance, the rate of impact on actin network disruption is concomitantly high.
Accumulation of globular actin in sonoporated cells
For the observed loss of F-actin in sonoporated cells, we found that there was a commensurate gain in the amount of G-actin within the cytoplasm. As an illustration of this finding, figure  6 shows a series of post-exposure confocal images (2 h after exposure) for cells in different categories: sham exposure, positive control and sonoporation (viable and non-viable). The primary information shown in these images is fluorescence levels of F-actin (phalloidin-FITC) and G-actin (DNase I); data are also provided on the cell's morphology, live-dead status and sonoporation tracer fluorescence. It can be observed that, relative to the sham exposure cell (leftmost column), the viable sonoporated cell (third column) showed a significantly stronger G-actin fluorescence; also, it did not show the presence of F-actin cables, consistent with our live-cell imaging results (figure 2). A similar trend can be observed for the non-viable sonoporated cell (fourth column), indicating that the actin disruption impact of sonoporation may be persistent as a cell progressed towards death. It is also in line with the positive control cell that experienced actin depolymerization owing to Cyto D treatment (second column). Another observation to be noted from figure 6 is that, similar to the positive control cell, the viable sonoporated cell was significantly more rounded in shape. This morphology is rather different from that of the sham exposure cell, which exhibited a stretched appearance. It is also not the same as the morphology of the non-viable sonoporated cell (rightmost column) that showed irregular budding along the cell boundary, characteristic of the apoptosis programme.
Statistical analysis across multiple cells (N ¼ 50) confirmed that a significant increase in G : F-actin ratio was evident downstream from the onset of sonoporation. This trend is illustrated in the series of box-whisker plots shown in figure 7 . In line with the image-level observations in figure 6 , sonoporated cells exhibited a statistically significant reduction in F-actin fluorescence (figure 7a; mean level was 32.2% lower than that for sham control) and concomitant increase in G-actin fluorescence (figure 7b; mean level was 2.6 times higher than control). These in turn resulted in an average increase in G : F-actin ratio by 3.7-fold comparing with sham exposure group (figure 7c). Note that the results are consistent with that observed in cells in the positive control group (middle column of boxes in figure 7) . As we have demonstrated recently in another study, sonoporation is in essence an act of traumatizing the plasma membrane on an acute but transitory basis [33] . Its course of action may well disrupt the integrity of the actin cytoskeleton because this network of subcellular filaments is physically interconnected with the plasma membrane. In this study, we have demonstrated how each episode of sonoporation, as realized via ultrasound-triggered collapse of a single targeted microbubble attached on the cell membrane, would lead to rapid rupture of the F-actin network adjacent to the perforation site ( figure 2 ). This finding effectively serves as new evidence to illustrate that sonoporation is not solely a membrane-level phenomenon. Furthermore, using a structure tensor analysis approach (figures 3 and 4) coupled with exponential decay regression, we have estimated that the characteristic time for actin network disassembly was of the order of seconds, and its rate of change was directly correlated with the rate of sonoporation tracer uptake into the cell (figure 5). Although this time scale of actin network disruption is not as short as the microsecond-range microbubble dynamics that take place during ultrasound pulsing [34] , it can still be considered as acute in that it matches well with the perforation phase of a sonoporation episode which is known to happen of the order of seconds [33] . Note that, in a sonoporation episode, immediate disruption of the actin network is after all not an undesirable event. As suggested in the cell biology literature [35] , this event would favour wound repair because the resulting sparser cytoskeleton lattice would structurally make it easier for intracellular vesicles to translocate to the perforation site to undergo homotypic patch fusion (an important course of action for living cells to reseal membrane pores). Therefore, acute remodelling of actin near the site of sonoporation can by and large be regarded as a cytoprotective process that would facilitate pore closure [20, 21] . In fact, a similar actin disruption phenomenon has been reported in cells punctured by a micro-tip [36] or pulsed by short-duration electrical fields [37, 38] .
Downstream reorganization of actin contents in sonoporated cells
It is worth highlighting the fact that the impact of sonoporation on the actin cytoskeleton was not limited to the initial disruption. In particular, further disassembly of the actin network was observed in sonoporated cells as time elapsed (figures 2-4). Post-exposure microscopy has revealed that such a disassembly event was due to enhanced disintegration of F-actin into its globular monomer form (G-actin), and during this process cell viability remained unaffected ( figure 6 ). In turn, the G : F-actin ratio was significantly increased in sonoporated cells: a trend that was characteristically similar to that for cells which underwent biochemically induced actin disruption via Cyto D treatment (figure 7). As F-actin is the primary cytoskeletal component that provides mechanical support to the cell [39, 40] , its net reduction in sonoporated cells (and the resulting increase in G : F-actin ratio) can be interpreted as an act of cell softening or fluidization [41] . However, temporal persistence of this phenomenon, which was indeed observed in sonoporated cells, would have implications on the long-term functional activeness of the actin machinery. It would not only affect cell locomotion and motility [42] , but also trigger the activation of proapoptotic stress signals [43, 44] . The latter implication matches well with our team's previous flow cytometry findings that showed: (i) time-lapsed loss of viability in sonoporated cells starting at 2 h after the onset of sonoporation [45] and (ii) retardation in cell-cycle progression over a multi-hour timeframe [19, 46] . It is also seemingly linked to other reports on sonoporation-mediated bioeffects that showed upregulation of various stress messengers like reactive oxygen species and calcium ions [47, 48] . As such, the range of biological consequences that can be instigated by the physical action of sonoporation (in addition to its biophysical impact on actin) should not be underplayed. Indeed, recent statistics have raised concerns over the efficiency of sonoporation in facilitating drug uptake without fatally injuring the cells [49] .
Perspectives for further investigations
From a biophysical context, this investigation is essentially poised between our team's recent reports on the spatiotemporal dynamics of sonoporation sites [33] and the downstream stress response elicited in sonoporated cells [19, 45, 46] . In the future, it would be worthwhile to strengthen the connections between these bodies of findings by performing rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140071 a correlational study between sonoporation-induced actin disruption kinetics and other sonoporation-related cellular phenomena. For instance, a three-way correlation analysis should be conducted to explicitly establish the link between the size of sonoporation sites, actin structure tensor coherency and sonoporation tracer uptake. As another avenue for extension beyond our current body of findings, direct measurements of the mechanical properties of sonoporated cells can be pursued using established rheology techniques [23] . Various cytomechanical parameters would be of interest, such as fluidity, stiffness, surface viscosity and membrane tension. The acquired data would represent important information on the biophysical details related to sonoporation.
Coupled with other research efforts that seek to establish the key acoustic cavitation conditions for realizing sonoporation [50, 51] , it should eventually be possible to formulate an analytical model for sonoporation to associate between cavitation physics, membrane perforation dynamics and biophysical impact. This model would be important to substantiate the merit of sonoporation as an emerging membrane perforation technique that is different from other established methods like electroporation, whose biophysical details have already been well characterized and modelled [52, 53] .
